Introduction {#s1}
============

Immune thrombocytopenia (ITP) is a complicated autoimmune disease characterized by low platelet counts. First-line treatment regimens are administered to inhibit autoantibody production and platelet degradation, and consist of treatments corticosteroids, such as prednisone 1 mg/kg/d for 2--4 weeks, followed by tapering. Splenectomy, rituximab and thrombopoietin receptor agonists (TPO-RAs, Eltrompobag and romiplostim) are commonly used as second-line therapies and are curative for some patients; however, response rates among individuals vary greatly. To date, refractory/relapsed (R/R) ITP remains under-treated for many patients ([@B1]) However, about 20--30% of ITP patients show no, or poor response to both first-line and second-line therapies, especially for those diagnosed as R/R ITP. The mechanism by which R/R ITP develops remains complicated and lacks a standard clinical treatment. Thus, establishing a standard treatment for these difficult-to-treat patients remains of critical need in the clinic.

Sirolimus (SRL) is a mammalian target of rapamycin (mTOR) inhibitor that has been shown to induce apoptosis of both activated and irregular lymphocytes to promote tolerance ([@B2], [@B3]). Consequently, SRL has emerged as one of the most promising immunosuppressive agents after transplantation of either solid organs or allogeneic stem cells ([@B4]). Case reports and small case series have suggested that SRL is effective for the treatment of both autoimmune lymphoproliferative syndrome (ALPS) ([@B5]) and autoimmune cytopenias ([@B6]). Activation of mTOR is a hallmark of and biomarker in autoimmune diseases, such as systemic lupus erythematosis (SLE) ([@B7]--[@B9]) and ITP ([@B10]). Importantly, sirolimus was shown to improve thrombocytopenia in SLE ([@B11]). Jasinski et al. ([@B12]) treated 12 refractory ITP patients with SRL, resulting in 73% of the patients achieving CR by 3 months after treatment. Based on these reports, we initiated an open-label prospective clinical trial using SRL for patients with R/R ITP. Our results suggest that SRL is an effective and well-tolerated option for achieving acceptable clinical efficacy in this patient population. We found that SRL could modulate T, B, and myeloid-cell subsets, suggesting that SRL may maintain or establish peripheral tolerance in autoimmune ITP patients. Thus, we propose that SRL should be considered as a safe and effective second-line agent for the treatment of refractory/relapsed ITP.

Patients and Methods {#s2}
====================

This prospective single-arm study was conducted between January 2016 and January 2019 at our center (ChiCTR-ONC-17012126). According to our calculated sample size, 86 R/R ITP patients with platelet count \<50 × 10^9^/L were ultimately enrolled into this clinical trial. Inclusion criteria required the patients to have failed corticosteroid therapy (prednisone, methylprednisolone or dexamethasone) and at least one 2nd-line agent, including TPO, cyclosporine, splenectomy, rituximab or traditional Chinese medicine (TCM). SRL was given at a dose of 2 mg/day orally (maximum initial dose of 4 mg/day) and targeted a plasma concentration of 5\~15 ng/ml in circulation. The anticipated length of treatment with SRL was 3 months, then tapered down 0.5 mg/2 weeks. Patients received follow-up care for 12 months. Platelet count was measured once every 2 weeks. Complete response (CR) was defined as platelet count \>100 × 10^9^/L, and partial response (PR) as platelet count \>30 × 10^9^/L and at least a 2-fold increase in the baseline count ([@B13]). Main exclusion criteria were: previous treatment with mTOR inhibitors; any other present malignancy; any other concomitant serious illness or organ system dysfunction; active hepatitis B or C infection; HIV infection; pregnant or lactating women. The main removal protocol included: patients with intolerable serious adverse events; the disease progressed under the trial protocol; patient requested to quit; the patients\' condition changed or died, which were not related to the experimental factors, during the treatment and follow-up period.

We collected data including age-at-diagnosis, sex, first and second-line therapies used, platelet count at the initiation of SRL and at the 3-, 6-, and 12-month time points of SRL therapy, total duration of SRL therapy, and adverse events (according to CTCAE version 4.0) ([Figure 1](#F1){ref-type="fig"}). This study was approved by the ethics committees of Xinqiao Hospital and required that all human participants provide written informed consent.

![The flowchart of this study. R/R ITP patients who met the inclusion criteria were administered SRL 2 mg/d, then the dose was adjusted to maintain blood concentration between 5\~15 ng/ml. After 3 months of SRL oral administration, evaluation of SRL efficacy was conducted. Responders started to taper their dose by 0.5 mg/2 week. Some patients had the tendency of thrombocytopenia recurrence during tapering and, in this situation, treatment with very low SRL doses was required for 6 months or more. The non-responders stopped SRL and received other therapy.](fmed-07-00110-g0001){#F1}

Flow Cytometry
--------------

Peripheral blood samples were collected at the following points: (1) before treatment in ITP patients; (2) after treatment in patients who obtained complete response and partial response; (3) after treatment in patients who did not respond to Sirolimus. Flow cytometry to characterize T, B and myeloid lymphocytes was performed for each patient. Th2 cells were defined as CD45^+^CD3^+^CD4^+^CD183^−^CD196^−^, M-MDSCs cells were defined by CD45^+^DR^low/−^CD33^+^CD11b^+^CD14^+^CD3^−^CD56^−^, and activated Th17 cells were defined by CD45^+^CD3^+^CD4^+^CD62L^+^Rorgt^+^. Cells were analyzed by a ten color-flow cytometry (BD FACSCanto II). Total events of 50,000 were gated for downstream analysis based on forward (FSC) and side-scatter (SSC) characteristics.

Statistical Analysis
--------------------

When design this trial, according to the literatures, the remission rate of the control second-line treatment was set to 60%, and the estimated response rate of the experimental group was to be 80% ([@B12], [@B14]). We used a professional sample calculation formula, chose α = 0.05; power = 0.8; β = 0.2 and calculated the sample size as 78 cases. The drop-out rate was set to 10%, resulting in the final patient number as 86. The primary endpoint was overall response rate after SRL treatment. The secondary endpoints included the time of SRL treatment required to demonstrate efficacy and minimal adverse events. Continuous variables are expressed as mean ± SDs. One-way ANOVA test was performed to the level of lymphocyte subsets between the different groups, or during different phases of treatment and follow-up. The Chi-square test was used to analyze the intergroup difference as univariate analysis, and Logistic regression (enter method) was used to evaluate the risk factors affecting efficacy as multivariate analysis. All data were analyzed and visualized by SPSS 19 and Graphpad Prism 8. Results were considered statistically significant when the *p*-value was \< 0.05.

Results {#s3}
=======

Patient Characteristics
-----------------------

A total of 86 patients (22 males, 64 females) with refractory and relapsed ITP were included and treated with SRL. The median age of all included patients was 40 years (range, 5--85 years), and the median time from first diagnosis to enrollment was 12 months (range, 1--492 months). The time from diagnosis to enrollment of 44 patients (51%) was shorter than 12 months and the rest 42 patients (49%) belonged to chronic ITP, whose course of disease were longer than 12 months. All patients had failed 1 to 5 of the first- and second-line therapies and included steroid-resistant (42%, 36 patients), steroid-dependent (30%, 26 patients, who were undergoing steroid tapering and achieved a platelet count of 30\~50 × 10^9^/L), and steroid plus rituximab /cyclosporine /splenectomy or /TCM (27%, 24 patients). In detail, 62 patients (72%) were administrated with SRL as the second-line therapy, including steroid resistant and dependence. Among those patients who were failed to steroid therapy and had not received sirolimus before, two patients accepted splenectomy, eight patients had cyclosporine therapy, six patients have been treated with rituximab, eight patients accepted TCM therapy. Besides, 17 patients in this cohort study received TPO agent additionally, including the recombinant human thrombopoietin (Chinese Shenyang biologics agent) and recombinant human interleukin 11 before enrolled, however, the clinical effect was poor ([Table 1](#T1){ref-type="table"}).

###### 

Patient characteristics.

  **Patient characteristics**             **Case(*n* = 86)**   **Rate**
  --------------------------------------- -------------------- ----------
  **Age (years)**                                              
  ≤ 40y                                   43                   50%
  \>40y                                   43                   50%
  **Gender**                                                   
  Male                                    22                   26%
  Female                                  64                   74%
  **Time from diagnosis to enrollment**                        
  \<12 mon                                44                   51%
  ≥12 mon                                 42                   49%
  **Previous therapy**                                         
  Steroid-resistant                       36                   42%
  Steroid-dependence                      26                   30%
  Steroid plus Splenectomy                2                    2%
  Steroid plus Cyclosporine               8                    9%
  Steroid plus Rituximab                  6                    7%
  Steroid plus TCM                        8                    9%
  **Platelet count**                                           
  \<30 × 109/L                            60                   70%
  ≥30--50 × 109/L                         26                   30%

Efficacy
--------

Three months after initiation of SRL treatment in the ITP cohort, 40% of patients (34 of 86) achieved CR and 45% (39 of 86) achieved PR. The overall response rate (ORR,CR+PR) reached 85% while 15% patients were non-responders (NR,13 of 86).

Throughout the 6 month treatment period, 8 patients were lost to follow-up, 41% achieved CR (32 of 78 patients) and 29% achieved PR (23 of 78 patients). The ORR decreased from 85% at the 3 month period to 70% by the 6 month following treatment. Of note, the CR rate remained unchanged, but several of the patients who previously achieved PR by the 3 month mark relapsed. After 12 month follow-up, the CR rate was 33% (26/78), with PR 32% (25/78). The ORR decreased to 65%, because 4 patients relapsed, of whom achieved CR by the 6 month mark ([Table 2](#T2){ref-type="table"}, [Figure 2](#F2){ref-type="fig"}).

###### 

Clinical outcomes after SRL treatment.

  **Therapeutic effect at 3 months (*****n*** **=** **86)**         
  ------------------------------------------------------------ ---- -----
  ORR (CR + PR)                                                73   85%
  CR                                                           34   40%
  PR                                                           39   45%
  NR                                                           13   15%
  **Therapeutic effect at 6 months (*****n*** **=** **78)**         
  ORR (CR + PR)                                                55   70%
  CR                                                           32   41%
  PR                                                           23   29%
  RE                                                           10   13%
  NR                                                           13   17%
  **Therapeutic effect at 12 months (*****n*** **=** **78)**        
  ORR (CR + PR)                                                51   65%
  CR                                                           26   33%
  PR                                                           25   32%
  RE                                                           14   18%
  NR                                                           13   17%

![Response of R/R ITP to SRL. The outcome demonstrated that SRL was effective for R/R ITP, with an ORR at 3 months of 85%, 6 months of 70 and 65% at 12 months.](fmed-07-00110-g0002){#F2}

Secondly, we compared the efficacy of SRL from the following five subgroups: (1) age (≤ 40y vs. \>40y); (2) gender; (3) time from diagnosis to enrollment (\<12 mon vs. ≥12 mon); (4) SRL used as second-line or multiple-line treatment, and (5) the platelet count at time of treatment (\<30 × 10^9^/L and 30--50 × 10^9^/L). Univariate analysis showed that age and PLT number had influences on SRL effect. The CR rate of patients under 40 years old was higher than those over 40 years old (60 Vs. 37%, *p* = 0.031). Additionally, patients with steroid dependence were more likely to achieve at CR (63 Vs. 43%, *p* = 0.039), whose PLT number were between 30 and 50 × 10^9^/L. However, multivariate analysis showed there was no statistical difference in CR rate between the five subgroups ([Table 3](#T3){ref-type="table"}).

###### 

Patient subset analysis of CR rate 3 months after treatment.

  **Prognostic variables**   **CR rate**   **Univariate analysis**   **Multivariate analysis**           
  -------------------------- ------------- ------------------------- --------------------------- ------- ----------------------
  **Age**                                                                                                
  ≤ 40y                      60%           0.031                     2.593 (1.084--6.201)        0.135   0.498 (0.200--1.241)
  \>40y                      37%                                                                         
  **Gender**                                                                                             
  Male                       45%           0.908                     1.059 (0.400--2.799)        0.839   1.119 (0.377--3.321)
  Female                     47%                                                                         
  **Course of disease**                                                                                  
  \<12 mon                   41%           0.353                     1.500 (0.637--3.534)        0.170   1.976 (0.377--3.321)
  ≥12 mon                    51%                                                                         
  **Sirolimus treat**                                                                                    
  As the second line         48%           0.575                     1.313 (0.506--3.401)        0.508   0.697 (0.240--2.030)
  As the multiple line       42%                                                                         
  **Platelet count**                                                                                     
  \<30 × 10^9^/L             43%           0.039                     2.661 (1.039--6.813)        0.055   2.750 (0.978--7.734)
  ≥30 × 10^9^/L (30--50)     63%                                                                         

At enrollment, the average number of PLTs per patient was 25 × 10^9^/L, and the median period for SRL to take effect was 19 days (range 5\~110 days), when the average number of PLTs/patient increased to 83 × 10^9^/L(*p* \< 0.0001 vs. baseline). Mean PLT counts increased to an average of 119 × 10^9^/L by 3 months after treatment, and maintained an average of 106 × 10^9^/L by 6 month following treatment in those patients who responded to SRL (*p* \< 0.0001 vs. baseline) ([Figure 3](#F3){ref-type="fig"}).

![Changes in median PLT numbers during SRL treatment. Before SRL treatment, the average number of PLTs per patient was 25 × 10^9^/L (as baseline), and the median period for SRL to take effect was 19 days, when the average number of PLT of patients increased to 83 × 10^9^/L (*p* \< 0.0001 vs. baseline). Mean PLT counts increased to an average of 119 × 10^9^/L by 3 month-mark, and maintained an average of 106 × 10^9^/L by 6 month-mark (*p* \< 0.0001 vs. baseline).](fmed-07-00110-g0003){#F3}

Toxicity/Safety
---------------

Adverse events presented mainly as grade 1, 2 severity ([Table 4](#T4){ref-type="table"}). The incidence of dyslipidemia was as high as 12%, including increased triglyceride and lipoprotein. Five patients (6%) with increased serum levels of alanine aminotransferase (ALT) and aspartate aminotransferase (AST) were recorded. Six patients (7%) exhibited canker sores, which healed after Vitamin B administration. Skin rash (four patients, 5%), arthralgia (two patients, 2%), and edema of lower extremity (two patients, 2%) were also documented. One patient developed severe interstitial pneumonia, a grade 3 adverse event, but recovered after responding to anti-infective therapy ([Table 4](#T4){ref-type="table"}). Although SRL has been reported to induce leukopenia and hemocytopenia, we did not observe sirolimus to induce leukopenia or hemocytopenia. This is likely because the blood concentration of SRL was kept at 5--15 ng/ml in our study, which help ensure low drug toxicity.

###### 

Adverse events.

  **Adverse events**               **Cases(*n* = 86)**   **Rate**
  -------------------------------- --------------------- ----------
  **Dyslipidemia**                                       
  Grade-1                          9                     10%
  Grade-2                          2                     2%
  **High aminotransferase**                              
  Grade-1                          5                     6%
  **Canker sores**                                       
  Grade-1                          4                     5%
  Grade-2                          2                     2%
  **Skin rash**                                          
  Grade-1                          4                     5%
  **Arthralgia**                                         
  Grade-1                          1                     1%
  Grade-2                          1                     1%
  **Edema of lower extremities**                         
  Grade-1                          2                     2%
  **Interstitial pneumonia**                             
  Grade-3                          1                     1%

Lymphocyte Subset Analysis
--------------------------

Flow cytometry analysis was performed to measure the lymphocyte subsets in three groups: ITP patients prior to SRL treatment, ITP patients who responded to SRL and ITP patients who did not respond to treatment with SRL. We measured subsets in some of the patients and observed a significant change in the proportions of T or B subsets before and after SRL treatment. Both Th2 and activated Th17 cell percentages in ITP patients were increased in the periphery before SRL treatment; however, after SRL administration, these cell populations decreased dramatically. In contrast, before SRL administration, the proportion of M-MDSC and Treg subsets were lower in the periphery; however, after SRL intervention, percentages of both of these tolerogenic subsets of cells in patients who responded were elevated than that in either non-responders or patients prior to treatment ([Figure 4](#F4){ref-type="fig"}).

![Changes of lymphocyte subsets of ITP patients. Before SRL administration, the proportion of Treg cells was lower in the periphery; however, after SRL intervention, Treg cells in patients who responded were elevated than that in pre-treatment (*p* = 0.3314) and non-responders (*p* = 0.08). The changes of M-MDSC is similar with Treg cell trend, with statistical difference (*p* = 0.0271 Vs. pre-treatment; *p* = 0.0399 Vs. non-responders). In contrast, SRL treatment alleviated both Th2 and active Th17 cell ratios in ITP patients dramatically (*p* \< 0.05). One-way ANOVA test was performed to the level of lymphocyte subsets between the different groups.](fmed-07-00110-g0004){#F4}

Discussion {#s4}
==========

There is no standard of care for treating R/R ITP; current treatments are varied and include splenectomy or administration of cyclosporine, rituximab and TPO-RAs. In our report, we tested the effect of an mTOR inhibitor, sirolimus in the treatment of R/R ITP. We found that treatment with SRL led to an ORR of 85% at the third month after treatment, 70% at 6 months, and 65% at 12 months following treatment ([Figure 2](#F2){ref-type="fig"}). These results indicate that an mTOR inhibitor may be effective as a treatment of R/R ITP. Additionally, although we found that sirolimus treatment was more effective in achieving CR in ITP patients who were younger than 40 years old or steroid dependent by univariate analysis, they did not reach significance by multivariate analysis, which may need more data to be collected for further confirmation ([Table 3](#T3){ref-type="table"}).

Splenectomy is reported as an effective treatment for R/R ITP. In one report, 1 year after splenectomy, 88.7% patients undergoing splenectomy had achieved CR ([@B15]). However, many patients with refractory and relapsed ITP refuse to undergo splenectomy ([@B16]), because surgery is invasive and potentially associated with infection and thrombosis. Rituximab is also used to treat ITP and is associated with response rates of 40\~50%. In one clinical study, Tran et al. reported ([@B17]) the efficacy of rituximab treatment in refractory and relapsed ITP was 44% at the 8 weeks after infusion but failed to reach a primary endpoint of 50% response. Moreover, rituximab is associated with a series of adverse reactions such as hepatitis B virus activation, bacterial infection, hypogammaglobulinemia, and infusion reactions ([@B18]). TPO-RAs, such as Eltrompobag and romiplostim, have been shown to be efficacious and safe ([@B19]) in the treatment of ITP. In a study in China, 57.7% of Eltrompobag-treated chronic ITP patients could achieve platelet counts of ≥50 × 10^9^/L ([@B20]). However, in economically disadvantaged areas of southwest China, the high cost of TPO-RAs has limited their widespread application, thus requiring patients to turn to cheaper alternatives. SRL, an mTOR inhibitor, has been used broadly for immune suppression after organ transplantation or hematopoietic stem cell transplantation ([@B21], [@B22]), but few groups have reported its efficacy in ITP therapy ([@B12]). Activation of mTOR and efficacy of therapeutic blockade was previously demonstrated in thrombocytopenia secondary to SLE ([@B11]). Our present clinical trial demonstrated that SRL was effective for R/R ITP, with an ORR at 3 months of 85%, 6 months of 70 and 65% at 12 months. Importantly, adverse events were minor and SRL was well-tolerated by most patients. In our cohort study, four patients expressed dissatisfaction with the course of SRL therapy and elected to leave the study after achieving PR 3 months after treatment. Another two patients stopped taking SRL when they achieved CR 3 months after treatment, subsequently relapsed and left the study. Importantly, none of the patients who were responders withdrew from the study because of adverse events. Moreover, throughout the study, plasma drug concentration was closely monitored, which may account for the spectacular safety profile of SRL in our study. Together, SRL appears to be a safe and effective therapeutic option for R/R ITP patients.

Li et al. ([@B23]) demonstrated that treatment with rapamycin plus prednisone can increase PLT number in chronic ITP patients; increased PLT number was associated with a significant increase in Treg cell levels and TGF-beta in patient plasma after treatment. Consistent with this observation, levels of Treg cells were lower in ITP patients compared with healthy donors prior to treatment in our cohort study. Treatment with SRL was associated with an increased Treg level in patients who achieved CR and PR. It has been reported that impairment of Treg cells contributes to the development of ITP ([@B24]). Interestingly, Treg levels in non-responders trended lower than percentage of Tregs in responders; however, this trend was not significant ([Figure 4](#F4){ref-type="fig"}). We hypothesize that in some patients, SRL treatment may reestablish normal levels of peripheral Tregs; however, this may not be sufficient to restore tolerance in some patients. M-MDSC regulation of ITP is unknown. Here, we hypothesize that dysregulation of M-MDSC might also contribute to the pathogenesis of ITP, as treatment with SRL was associated with a restoration of M-MDSC proportions. Together, we observed an increase in MDSC proportion emerging after SRL intervention, and we propose that both Tregs and MDSCs may play a critical role in the maintenance of peripheral tolerance by suppressing self-reactive lymphocytes. Further studies are required to test these hypotheses.

Previous studies have shown that Th cells (Th1, Th2, and Th17 cells) and their secreted cytokines are involved in ITP pathogenesis ([@B25]). Th1 cells mainly secrete IL-2, IFNγ, and TFNα, mediating cytotoxic response and local inflammatory response. Th2 cells mainly secreted IL-4, IL-6, and IL-10, stimulating B cell proliferation to produce antibodies ([@B26]). Levels of activated Th17 cells were reported to be elevated in ITP patients, and produced large amounts of IL-17, IL-21, and IL-22 ([@B27], [@B28]). In ITP, whether Th1 or Th2 subsets are dominant in mediating pathogenesis is still controversial. In our report, treatment with SRL was associated with a reduction in Th2 and Th17 cell levels, which may alleviate platelet destruction and help explain in part the mechanism of SRL treatment of ITP.

Our study was limited by its design as a single arm trial rather than a randomized controlled trial (RCT). At the time of study design, many of our patients had failed steroids, and were reluctant to accept splenectomy or TPO-RAs, out of financial difficulties or hesitation to undergo surgery. A proportion of enrolled patients (30%, 26/86) receiving SRL treatment were steroid-dependent and underwent steroid tapering while achieving a platelet count of 30--50 × 10^9^/L, and these steroid dependent patients were more likely to achieve CR after SRL treatment. These results may indicate a synergistic response of low-dose steroid and SRL; this observation is in agreement with the report that mTOR inhibitor plus low dose steroid could provide a new, promising option for therapy of ITP ([@B23]). For newly diagnosed ITP, will the addition of sirolimus as a first-line therapeutic along with low-dose steroids increase efficacy and reduce recurrence? Based our results, we believe it may be possible to use SRL as a first-line agent. This is largely due to the observation that the median period for SRL to take effect was 19 days, and there were less adverse events than in patients treated with steroids. This, of course, needs to be verified by randomized controlled trials. We have begun a clinical trial (ChiCTR1900020657) with 15 major ITP treatment centers in China, testing newly diagnosed ITP with SRL and/or steroids. Another limitation of this study is that the bleeding score and health-related quality of life (QOL) were not evaluated during follow-up. However, it has been reported that SRL-based therapy for kidney transplant patients resulted in less fatigue, and better vitality ([@B29], [@B30]).

In conclusion, to the knowledge of our clinical team, this is the largest prospective study to date evaluating SRL as a rescue therapy in patients with R/R ITP. The efficacy of SRL in these patients is superior to rituximab and Eltrompobag, while sparing severe side-effects. In addition to splenectomy, SRL is a potential therapeutic alternative for patients with R/R ITP. Of course, further standard multi-center RCTs will be needed to test application of SRL as a first line treatment for ITP. Taken together, we propose that SRL promotes and can re-establish peripheral tolerance through the regulation of T, B, and myeloid cell subsets in ITP patients; additional studies will explore this mechanism in more depth.
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